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ASSESSMENT OF THE SLOWLY-IMPLODING LINER (LINUS)

FUSION REACTOR CONCEPT*

Ronald L. Miller and Robert A. Krakowski
Los Alamoa Sci ntific Laboratory, University of California
Los Alamos, NM 87545

ABSTRACT

Prospects for the slowly-imploding liner
(LINUS) fuasion reactor concept are reviewed. The
concept envisages the nondestructive, repetitive
and reversible imploaion of a 1liquid-metal
cylindrical annulus (liner) onto field-reversed
DT plasmoids. Adiabatic heating of the plasmoid
tv fgnition at ultra-high magnetic fields results
in a compact, high power density fusion reactor
with unique solutions to several technological
problems and potentially favorable economics.

I. _INTRODUCTION

The salowly=imploding liner
reactor concept 18 one of several alternative
approaches tn nmagnetic fusion presently under
actlve consideration.!*2 The primary proponent of
this approach and center of experimental activity
{a the US Naval Research Laboratory (NRL).
Addltional modeling of the concept in the context
of a commerclal power reactor has been carried
out a4t a number of US {nstitutions.!”7 1In

(LINUS) fusion

addition, a study of a similar device has been
made In the USSR.? The present LASL study®
involved the deveiopment of a comprehensive
computer model of the liner implosion dynamica

and the plasmoid response., This model {m used to
ngsens the 1L,INUS reactor energy halance and
dctermine potentially attractive design points,
which were subsequently oxamined by n preliminary
cconomfca model for the determination of direct
capital coats and the cost of clectricity. 1In
addition, certaln LINUS nucleonicsa and mechanical

denign lasucs were addressed. While all of the
ahovement Loned atudies have invoked various
denfpn options, which will be {identified and

diycunsed helow, the (undamental
comnon to all and i{s wummarizaed here.
Impleding=I1iner magnetic flux compression is
A well=known technique for achfeving ultra=high
(> 50 T) magnetie fleld strengtha for various
applicattons.? At thermonuclear  temperatures
(10=20 keV) these high fleld utrsqul ¥ allow Lhe
confinement of high=denaity (> 104%/m’) DT plasma
for timew (~ 1| mua) that are determined hy the
inertial continement provided by the liner at

approach 1n
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Work performed under  Lhe ausplees of the U5,
Department of Energy.

peak compression (turnaround) and which satisfy
the Lawson criterion. Electromagnetic aystens
exploiting this approach using small, thin, solid
metnlltg liners with fast 1implosion speeds
(v ~ 10° m/8s) have been considered.2:10:11:12 The
vigorous thermonuclear energy rulease (> 3 G in
~ 1 us) that characterizes thege fast Limplosiona
is expected to result in the destruction of the
liner apparatus and nearby current leads. The
economics of refabrication of the destroyed

apparatus necessitates high-gain (f.e., Q > 12,
where Q equals thermonuclear energy released
relative to the liner kinetic energy) systems

with potentially severe technological constraints
in the areas of pulsed energy transfer and
satorage, plasma preparation, blast confinenent
and the cconomice of material utilizatfion.

In contrast to the fuast=liner approach, the
LINUS reactor unxluugus a slower, reversible
imploeion (v ~ (0 m/s) of a larger (iniLlal
thickness ~ 0.4 m and length ~ 10 m) liquid=metal
liner using mechanical or gas=-dynamic drive. A
fleld-reversed plasmold!? (Compact Toroid) would
provide the basic plasma configuration on which
the liner would act, thercby eliminating
well-known particle/energy end-losses assoclated
with open fleld line sys.ems.! The power cycle
can be made reversihle (f tne fuslon=product
alpha-particle cnergy galned by an expanding DT
plasmoild in cach pulse can bhe nmatched to the
viscous and frictional lowdes incurred, and the
initinl driver energy is thereby fully restored.
This teversibility allows economical reactor
operatfon fot low  Q=values (~ 1.2) with
nondestructive pulded cnergy releases (~ 3 GJ in
~ 1l ms)s In addition to providing the plasma
heating mechanlum, the ligquid=netal (L1 or LiPb)
Liner material ftuwelf would simultancously  serve
Lthe Cunctions of: renewable "tirst=wall”, capable
of uvvummuﬂutlng devere pulsed thermal  loadings
(> 50 MW/m®); tritlvm  breeding blanketi neutron
and gamma=-ray slideld of the permanent  reactor
structural components; and primary heat=tranafer
medium, This  combination of functions, when
coupled with the high power=dennity perforpance
of the high=heta plaamotd, loads to & relatively
conpact  and  potentially  attractive scheme for
fuslon power.



The basic LINUS reactor operating cycle {ia
illustrated in Fig. 1. In the initifal state (a),
the cylindrical liner is at rest (radially), and
a high-pgessure (~ 15 MPa) helium gas reservoir
(~ 500 m”’) provides :lie energy storage required
to drive the liner implosion. The liquid-metal
liner (T, =~ 350 K) is rotated (J00-300 rpm) in
order to provide centrifugally a central burn
chamber and to stabilize the frewe inner surface
of the liner against Rayleigh-Taylor hydrodynamic
inecabilities at turnaround. The outer liner
surface is at all times constrained by the
implosion mechanism. As the plasnoid is either
created in situ ~r translated into the device
from one end of the liner (Sec. IIL.A.),
fagt-acting helium isolation valves are opened,
and the liner 1is imploded radially in ~ 20 ms.
Radial conprersion ratios are ~ 10, the liquid-
metal liner acts as a non—~ideal flux concerver
and "dynamic coil" during the implosion. The
adiabatic compression of the DT plasmoid and
associated magnetic field results in an ignited
thermonuclear burn for a short (~ ! ms) inertial
dwell tiae at peak liner compression (c). During
the burn chermonuclear neutrons are deposited in
the liner material, which because of cylindrical
convergence is ~ l-m thick at peak compresaion.

Provided that the radlal dimensions are
appropriately chomsan, the alpha-particle onergy
(pressure) added to the plasmoid can bae
sufficient to compensate for the mechanical,
resistlve and viscous lnsses incurred during the
liner Ilmploninn and re~expanalon; the
conflguration s thareby returned to its initial

atate (d). The hellum reservolr is repressurized
by the alpha=particle driven liner exprnsion ftor

use on Lthe subsequent cycles The expansion
quenches the thermonuclear burn, and the spent
plasmoid i» flushed from the system.

Recondensation of vaporized liner material on a
rooler inner wurface and the preparation of
another plasmold completea the LINUS burn cycle.
These requirements  suggest a aininum cycle time
hotween implosions of ~ 1 &,
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Figa la Schematic reprenentation of the i INUY

roitetor revertlhle operating cvele,

The liquid-metal liner 1is ecirculated
continuously out of the reactor, through the
primary coolent loop for heat removal and tritium
separation and back to the reactor. A surge tank
berveen the LINUS reactor and the steam genarator

would minimise adversa pressure cycling. The
liquid-metal inventory in the reactor cyclas
cospletely in approximately five to ten

implosion/expansion cycles. With a time-averaged
gross thermal pover of 3000 MWt and Li flow of
5000 kg/s the average temperature increase is 160
K batwesen inlet and outlet wmanifolds. A LiPb
system might be expecied to require largar heat
axchangers and higher pumping pover than a Li
system. Balance of plant (BOP) features of a
LINUS powar plant would be similar to most other

fusion plants using a 1liquid-metal primary
coolant. Plant output can be expected to be 1in
the range 500-1000 MWe(net). The basics of the

LINUS power cyele will ba elaborated in

subsequent nections.

IL. REACTOR PHYSICS MODEL
The LINUS reactor design point is detarmined
by dynamically coupled models describing both the

liner and the plasmoid response. Inertial, flux
penetration and evaporat ive heat=-transfer
phenonena couple the liner/plasmoid madels to

describe the overi:ll reacter parformance.

A+ Liner Dyuamics

Modeling nf the liner dynamica for LiINUS
usually assuneu’ 6 that the liner material s
invincid and inconprossible. Temperiture~depend=
ant liner thermal conductivity, heat capacity and

elactrical resistivity are used. In the present
model® maws continuity, momentum and cnergy
cunservatinn oquationa for the liner are aolved
subject to the tine=varying heliun
driving=pressure boundary condition at the outer
liner surface and the time vaiying plasmoid
pressure at t e Linner surface. The rotating

Iiner condervens angular momentum am i implades.
Nonlinear magnetic f£lux penetration into the
l1iner can be Included directly5'6+15 or by meana
of wskin-depth approximations.? Flux dLffusas
~ 0.1l m {into the inner liner wurface durlng the
liner implosion. Dissipation of flux in the
liner adds to the irrevaereible mechanleal losscs
and must almo he overcume hy the alpha-particle
cnergy. Computer Hdimulatinn of conmpressihle
Iiner dynamics using 1 full hydrodynamic  tawory
has  boen perfoemed!®; these nore dotalled
computations are used to  calibrates the faster-
running {ncompressible coden, the former level of
computation gencrally belnpy ton expensive for

reactor Hurvey calealatlonn. Generally,
compreanibility effects are monitored using ad
koe but reasonably Accurate

roprenentntlunu.5'5'|7 Comprenniblility offects
will require additional energy lpvestment Lo
achicve a dedired compression ratfo, but the neel
to supply this added onergy cach cvele may he
offiet by un onhanead liner Jdwell at  maxioum
cemprosnion, the increased burn time leads to an
{ncreaned thermomucloar vield and b ther Q=value.



Energy stored in cthe compression of liner
material, however, 1s released 1in the form of
ghocks which travel through the liner material
and act on the permanent reactor structure, which
must be suitably strengthened.

An  experimental study of slow=liner
inplosions dynamics without plasma is undervay at

NRL.3018 Stable, and reversible liner
conpression/expansion cycles have been
demonstrated for liner implos‘ons anto
magnetic~-field payloads. Liner rotation,
required to suppress Rayleigh-Taylor
instabilities of the Iinner liner surface at
turnaround, is achieved by rotating the encire

implosion mechanism or can be achieved by meaus
of tangential injection of the liner material.!l?
Either of these techniques may extrapolate to the
LINUS reactor,

A typical liner
irmplosion cycle 18

trajectory during the
{lluatrated in Fig. 2. The
scaling of the initial liner radius (~ 2 m),
thickness (mass), rotational speed and
compresgéion ratio predict sufficient compression
to achieve a self-gustaining cycle and to satisfy
the nucleonice constraint of ~ l-m 1liner
thickness at peak compression (Sec. III.C.). The
plasmoid separatrix radius is at all times close
to the inner surface of the liner as required by
the plasmoid equilibrium model (Sec. 1T7.8.),

RADIUS(m)

40

TIME ( ms)

Fig. 2. Typleal eylindrical Liner {apload
trajectorys  Inner and outer liner boundaries o
the plasmold separatrix radlus are shown am
function of time.

Two distinct
investigation as liner~drive
oppositely-directed axial
collapsing ashell with nass approximately ten
times the Li-liner mass. Choice of the
appropriate driv: mechanism is linked strongly to
the choice of liner material (Li or LiPb), plasma
preparation technique (Sec. TIIl.A.) and
mechanical design 1issues (Sec 1III.B.). The
preseat model® focusus on the second optien.

optione are currently under
mechanismet

pistona and a

B. Plasma Model

The DT plasmoid that appears most compatible
with th=2 LINUS reactor configuration 1s the
Field-Reversed Configuration (FRC), which {s the
component of the Compact Toroid (CT) family!3:20
that supports no toroidal field. This plasmoid
geometry is 1il.umstrated 1in Fig. 3. Closed
magnetic lines 1inside the magnetic seeparatrix
provide thermal isolatior and reduce transport
loeses. The availability of high~beta plasmoid
equilibria for the FRC proposad for LINUS allows
high power-density burns that are consistent with
the high heat=flux capabilities of the LINUS
"firat-wall”. The prescnce of an oncn fileld line
buffer betwcen the separatrix and the liner inner
surface can isolate the plasmolid from contact
wlith vontaminating liner materlal evaporated
during the burn, thereby acting cffectively as a
divertnr. Flux diffusfon into the !lner reduces
the thickness of the buffer layer and seis o
limit on the initial plasma filling fraction.

The CT cquilibrium {mplies?® chat the
average plasmold beta-value <ﬂ>s within the
separatrix radiue ry 1s gliven by

1 ,
B>y =1 == (r /e )2 2045 (N

|

The corresponding beta evaluated i {thin the i{nner
liner surface, <8>,, is < 0.5, Fut varies slowly
during the {mplosion, An alternative plasmoid
equilibrium may allow higher overall vulues of
<Bd>y,
and the separatrix radius Ty

if axial preasure Lls supported by endwallns,
equals the

fnner

SHPARATRI X
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MIDPLANE
Fip. 3. Compact Torold (CT) rlasma equilibrium

conflguration an used In LINUS.



liner radiue r_,. During compression of thie
configuration, ¥a>w drops sharply. This behavior
may dictate the choice between one of two
possible plasma preparation methods (Sec.
II1.A.). The plasmoid can he produced 1ir situ

using hollow, rotating relativistlc electron beaa

techniques?! or can be formed ex:ernallx by a
Field-Reversed Theta Pinch  (PROY)? that
subsequently is trarelated into the burn chamter

through an open end.

Studies of adiabatic conmpression of thesa
FRC plasmoids and transport properties redict
favorable results in the reactor regime.’:22,23

Accordingly, tle present reactor model6 specifiea
that hoth pariicle and energy confinement times
are long comparad to Lhe {mplosion time. The
present model uses a three-particle (fion,
electron and alpha-particle) point representation
of the plasmoid equilibrium.20 In the limit of
{deal adiahatic conmpression, the plasmoid
separatrix and length vary self--consistently

unggr conpression of the CT plasmolid according
to

t/e ~ (rgleg)%/3 2)

such that the plasmoid contracts axially to about
none half of tts oefginal length under full raufal
rompresyion, The equilibrium model assumes that
the plasmold L4 prolate (elcngation t/r, > 9),

which for a minlmum radius determine! Yy (he
tycle reversaibility requirement (Sec. 1.z,
leads to fuslon ylelds of ~ 3 GJ/pulse and time-
averaged groes thermal power outputs of ~ 3000
'MWt for ~ | He operation.

The partition of alpha-particle energy
between 1lone ard electrons during incomplete

thermalization {3 modeled using a time-dependent,
polnt Fokker=Planck technique.? Bremsstrahlung
and cyelotron radiation provide a surface heat
flux at the lnner llner surface, and the neutrons

provide a volumetric liner internal heal 4ource
(Sec, 11L.C.), which {in addition to the
dissipation of nagretie flux 1in the liner can

heat the inner liner surface to its holling point
(~ 1600 K) and evaporate ~ 0,1 kg of liner
matertal. This evaporated material must be
recondensed/evacuated hetween pulses.

Cs, DNaslyn=Point Determination

Scaling of LINUS reactor perforuwance has
been considered with a view toward optimizing
deslgn parameters und minimirzing the rewctor vize
required to achicve self=-sustaining
cyclen,5125126 An cstimate for the minimum
ruacror size ({.e., minimum radlus to glve a
reversihle cycle) is given hy3

r a <B¥>w-2/] P-l/Z nl/-’ (plnu) 'l/ﬁ' (-’)

wo

where <B¥>' is the rms spatially-averaged value
of beta at peak compression, P 1is the drive
prassure, n is the alectrical resiativity of the
liner material, p is the mass density of the
liner material and a is the radial compression
ratio. For drive pressures P - 15 MPa, Eq. (3)
suggests r should be ~ 2-4 m for both the
Li-liner/co!?apling-shell and LiPb-liner/arial-
piston systems depending upon the reversibility
of the implosion.® The dominant term in thia
scaling 1s the requirement for a high-bata
payload (<8¢> ~ 0.4) at peak compressian. This
scaling guides the selection of initial
conditions for the saimulation codes wused to
idencify epecific LINUS operating points.

Parametric and optimization studies are used
to identify attractive LINUS reactor design
points. These nunmerical studies generally
confirm the scaling of Eq. (3). With the caveat
that different simulation nodels were used by the
different institutions involved, Table 1
summarizes a range of typical LINUS desfgn points
reported to date. These design points scope the
range of poteutial LINUS reactor operation and
are not necessarily optimized or directly com=
parable. The present model has been uged to
confirm the NRL deeign point summarized in column
4 of Table I and to project the LASL Jesign polne
Iln column 5. Tradeoff and optinization studies
are reported clsewhere.®

IIL. REACTOR TECHNOLOGY ASSESS!ENT
A. Plasma Formation i

Two nmethods have heen proposed for preparing
the initial LINUS plasma: relativintlic electrun
beam technlquESZl and the Fleld-Reversed Theta
Pinch (FROP).2¢ The chotce of a partfcular
appcroech will be dictated hy the success ot it
development, and by the {nterface with the LINUS
mechanical deslgn.

In the firat approach a DT fill pas s
puffed into the burn chamber. A hollew, rotatlng
electron beam 1is pulsed through an annular slit
in one cndwall of the device. IntetacL{on of the
beam w{th the pas produces in situ the desired
fteld comiguration and plasma heating to - 0,5
keV, The cndwall 1ir equipped with a shutter
mechanium to i{solate the electron~baam generator
from the reactor chembher during the implosion.
I+ addition a higher=beta plasmold with a portion
of the axfial pressure supported by the endwalls
can he accommodated. ‘The vlectron=heam enerator

enutgy would be on the order of 40 MJ per nulne
(~ 1 Hz) with an efficlency ~ 50" to ereate a
plasmold with an enerpy of 20 M,

The FROP approach produces the plasmold
axternally to the liner and subavquent ly

tranalates (t {uto the burn chamber through an
open end.  The plasmold wize requirement (v, ~ 2
m, ¢t ~ 10 m) are similar to those vnv(ungoa for
the Compact Toroid Reactor (CTOR)’H, hut, wluce
the LINUS compression ratio (s higher, the
{nitlal plarmnid tomperature (~ 0.5 keV) and
energy cin be luwer. The parameters of the
Inftial LINUS plasmold seem attainable by elther



TABLE I
SUMMARY OF LINUS REACTOR DESIGHM POINTS

USSR
Reference 8
Liner materla% LiPb
Driver scheme'3) AC
Plasma preparation nethod(b) FROP
Radial compresaion ratlg
Drive pressure (IN° N/m*)
Initial plasmoid conditions:
® radius (m) 1.8
length (m) 3.0
temperature26ke¥) 0.40
densicy (104Y/

average beta, <8>
magnetic field (T)
energy (MJ) 15
Compressed plasmoid conditions:

e radius (m)

® length (m)

® temperatura Ske )

o density (1020/m?)

® average bdeta, <>

® magnetic fileld (T)
Cvcle time (8) 5.0
Neutron cuyrrent (WW/mz)
Thermal power (‘'fWt) 1600
et power (‘“We) 700
Plasma power density (th/mj)
Svatem power Jensity (.Wt/m’)
Recirralating pover f-iction 0.0k
Met plant effleiency PRy

NMrect cngt (5./%We)
Cost of electrfcef:v (mills/kWeh)

(")Axlal plston (?E;, Rotitlng Collapsing Shell
current (AC).

using a4 volume Including the hellum gas reservolrs.

this numbec rlges to ~ 20,

preparation nmet! od but considerahle developnental
work would be required in ecither case.

R. Mechanfcal Dol ey

Final sclection of a reference LINUS reactor
mechanical dewin rescs on the resolution and
I{nteraction of a number of physics and terhnology
quent fons, The requiroment for 4 masnlve ilrer,
an predicted by Bgo (1), can he met elther with
A LIPh lner oc with a LL Llner constrained by a
Aanulve collapaing shell driver. Potation of the
tlrar material can  be achieved by rotating the
Implow! v mechaniym  or by tangent ial Ilutld
Infecttion into a nonrotating mechanism. Figure 4
I1luserates a4 concept’ for conbining the featires
of  the mimslve collapsing shell with ports for
tanpgent 1l Tajection of  Li. As  the azimuthal
segments of the collapatng shell move radially
Inward, thev move together to decrease the
clrrumforence  of the ahel! and dinplace the
rotating tHaguld=metal 1{nor Iinward. Alternate
fogmentn are oquipped with ports for tnlet of new
llner matevinl and putlet to the manlfolding of
the primary loop hot  leg. The wugmentn would

(RCS), Nonrotating Callapaing Shell (NCS), or
Rotating electron beam (RER) or Flel.!-Reversed Theta Pinch (FROP).

MSNW NRL NRL LASL
5 2 27 6
LiPb LiPb L1 Lt
AP RCS NCS
FROP RERB FROP
10 10 10 12
13.8 2G.7 13.8 13.8
1.6 1.9 1.4 1.4
10.0 7.8 1.0 10.0
0.6) 0.38 0.47 0.42
9.3 8.2 H.2
0.8 0.75 0.75
0.69 0.34 0,5%A 0.56
40 13 20 20
0.08 0.1 0.11
10.0 3.1 1.0 10.0
15 15 20
2400 2800 1900
0.47 0.55 0.47 0.60
54 59 60
1.0 1.0 0.h& 0.9
35 259
3200 1790 170 31350
870 507 461 910
4900 6500
4,1(e) 4l
n,19 0,195 0,14 .22
n.27 0,28 0,28 0.27
1ona
60

Axlal
Stateulated
volume s {included

If oaly the tnitlal llner

have to be equipped with sllding neals to {aolate
the heliun pressure reservelr from the lgquid Li.
Plasma preparation conslderatlions may dictate

either a burn chamber with open ends or one with
endvalls to msupport hilgher values of average
beta. Radinl dimensinns depend on reaching

reveraible cycle performance as glven by Eq. ()
or aredicted by nora exact numerfcal
nimilations.h The lenpth of the reactor {a  Ln
part  dictated by the vlongation tmpllcit in the
planmold  equilibrium and probably conptralnn
reactor thermal ontput to be greater than ~ 30
MWe, Generf{c prohlems  Include  the chemf el
compatihility of  the tlquid metal with the
renctor structural material, cvelie fatlgue of
the liner drive mechaniam, achleving vacuum
loveln {n the prewence of 4 free llquid netal
wurface at elevated temperature and fanlation of
the plamma sourcs apparatus trom the 1iquid metal
and from tunion neutrond,  Spectflc dedign Tasurn
have been  addressed  olrewhere 81?71 ¢0 3¢ Thane

tnclude  altding Tiguld=metal woals, mechanical
denign of the {mplomion mechanian, hydrodynamic
shocks ("wator hammer'), malntenance



TANGENTIAL

Fig. 4. Conceptual collapsing-shell liner-drive
mechanism with tangential injection ports.

ronsiderations and the interface of the LINUS

nuclear {sland with the RIP,

. Nucleonics

T Nucleonics performance of the LINMUS reactor
fncludesr: the ability to achieve a trittun
breeding ratio greater than unfty, eneryy

deposition as  a function of radlus in the liner
material, and vadial and axial leakage of fusion
neutrong  from the liner 1into the stroctaral
components of the reactor. Factors {nfluencing
the nucleonics performance (nclude: 1{isotoplc
composition of the liner matertal, thickness of
the liner at maximum compression radius, and
thermomclear neutron sonrce strenpthe These
tssues have heen addressed usging
discrete-ordinates ransport -~odes’’ and Honte
Carlo techniques.®+*J!1 Results from the latter
scoping calculation are summarized {n Fig. % aw a
function of liner thickness at max{mum
compression. For natural 1i*hiaar aotal and a
maximum liner thickneases {n excess of 0.8 m, the
tritiun breeding ratio eanily exceeda 1.4, due to
the absence of swtructural material {n the liner.
For systems of ~ [U=m length the dominant neutron

1neg rhannel is radial  rather than axtal
atronaming {nto the reactnr ond “alln. Radial
torses  can he  preduced  substant fally tor peak

liner thicknesses above 1.3 . The blanket
energy enhancement rolative to 14.06 MeV/neul ron
satvrates at - ldl for LI tylicknenses nesr 1,0 m,
Liko  lners Yave  comparaole lonkage and ennegy

enhancenent propertien and Wipher teittum
breeding ratlos (< l.qz becausne of (n, 2n)
reacttone «lth  the” Phod? The volumetrie heat
nource provided by the neutrans and xamma rays
decreansn  exponentially from the ftnner liner
wurface with a characterincic distance « 01y m,
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Fig. 5. Summary of typlcal LINUS reactor

nucleonics computations using the MCNP code.

Neutron heating dominates gamma-ray heating by an
order of magnitude. Energy denosition near the
{nner liner surface increas~s the liner
temperature and electrical resistivity, thus
enhancing magnetic flux diffusion.® Energy
deposition times are comparable to the 1liner
dwell time at maximum compression (~ 1 us) and
terminate well before the liner has recxpanded
and thinned, i{ndicating that the reactor
structure should be adequately shielded for the
critical period at peak compression. Axial
neutron streaming to an unprotected endwall or to
the plasma  preparation device, however, could
pose a problem. A surte of liquid metal has been
proposed as a1 means of protecting the endwall
for systens In which the plasmoid contracts
axlally,

D. _ FEconomics

Several factors combine tov sugpest that the
LINUS reactor will he economically competitive
with other fusfon approaches. The renewable

"first-vall" allows higher wall

hipher cugineerine power Jdensities
than are possthle with solld structaral walls.
This characterintic transglates {nto lower
aaterial and space requirements for a fixed level
of power output; hence, lower costs result.
Also, the combination of several functifons fnto
the liner {tself (e.g., confinement mechanism,
plasma heater and primary heat-transfer medium),
each requiring separate swystems {n other fusfon
systems, should lead to economfes that are unique
to  the LINUS approach. The compact  nuclear
{aland may allow shorter constructlon times than
the nominal 19 vears aunumed hore,

Preliminary cost ostfnates tor the LINUS
reactor have been wde b2 Conatruction time and
KOP  comtw  are determined by scaling laws which
Are Independent of the use of a LINUS nuclear
tuland, Table Il aummarizes the result of one
auch estimate for the LASL denign point of Table

liquid=-metal
loadings and

I, It i emphastzed that ahsolute cost values
are intended only for the ({ntercomparison of
{nterim LINUS roactor desfane and are  not

{ntended for absolute comparisons with oxisting



TABLE II
TYPICAL LINUS FUSION REACTOR ECONOMIC SUMMARY

ACCOUNT TITLE MILLION DOLLARS

Land and land rights 2.5
Structures and site
facilities 90.0
Reactor plant equipment 460.0
Plasma preparation 12.0
Reactor mechanism 15.0
Reactor structure and
support 13.0
Reactor vacuum systenm 10.0
Power supply and switching 67.0
Main heat transport
system 212.0
Auxiliary cooling system 2.0

Radwaste treatment and

disposal 3.0

Fuel handling and storage 2.0

Other reactor plant equip-

ment 13.C

Instrumentation and control 16.0

Spare parts allowance 16.0
Contingency allowance 92.0
Turbine plant equipment 180.0
Electric plant equipment 140.0
Miscellaneous plant equipment 18.0
Special matertials 30.0
Total reactor direct capital

cost 918.0
Construction facilit{es,

equipment and services (15%) 138.0
Engineering and construction

management services (15%) 138.0
Other costs (SX) 46.0
Interest: l0O-year

construction (64.4%) 798.0
Escalation: 10-year

construction (33.8%) 419,0
Total reactor capital cost 2455,0
Assumed plant availability factor 0.85
Direct investment cost ($/kWe) 982.0
Total {nvestment cost ($/kWe) 2627.0
Caplital return: (5% (mills/kWeh) 53.0
Operating: 2% (mills/kWeh) 6.0
Cost of electricity (mills/kWeh) 59.0

nnergy technoiogies on the basis of present
costu, 33

IV,  SUMMARY AND COUNCLUSIONS

The L INUS fusion reactor concept results in
a compact, high=power density device with unique
molutions to wseveral technolcgical problems and
potentially favorable economics. Furthermore,
LINUS {8 an attractive optlon for utilizing the
Compact Torotd plawma configuration,
Simultaneously, wseveral physice and nngineering

issues have yet to be fully explored; issues
which impact directly on LINUS reactor
configuration, size and performance and,
therefore, on 1its attractiveness as an approach
to commercial fusion power. Specifically, these
issues include: the choice of liner drive
mechanism and liner material (Li or LiPb), the
choice and performance of plasma preparation
technique, the ability to achieve reversible
compression/expansion cycles in the presence of
nonlinear flux diffusion into the liner material,
the ability to recondense and evacuate evaporated
liner meterial and the spent plasmoid in the iime
interval (~ 1 g) betwecen pulses, and the detailed
design/compatibility of the liner-drive mechanism
with the liquid-metal liner.
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